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Abstract: Patients with chronic kidney disease (CKD) suffer disproportionately from a high burden
of cardiovascular disease, which, despite recent scientific advances, remains partly understood.
Vascular calcification (VC) is the result of an ongoing process of misplaced calcium in the inner
and medial layers of the arteries, which has emerged as a critical contributor to cardiovascular
events in CKD. Beyond its established role in blood clotting and bone health, vitamin K appears
crucial in regulating VC via vitamin K-dependent proteins (VKDPs). Among these, the matrix Gla
protein (MGP) serves as both a potent inhibitor of VC and a valuable biomarker (in its inactive
form) for reflecting circulating vitamin K levels. CKD patients, especially in advanced stages, often
present with vitamin K deficiency due to dietary restrictions, medications, and impaired intestinal
absorption in the uremic environment. Epidemiological studies confirm a strong association between
vitamin K levels, inactive MGP, and increased CVD risk across CKD stages. Based on the promising
results of pre-clinical data, an increasing number of clinical trials have investigated the potential
benefits of vitamin K supplementation to prevent, delay, or even reverse VC, but the results have
remained inconsistent.
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1. Introduction

Chronic kidney disease (CKD) dramatically increases the risk of cardiovascular disease
(CVD); this risk is rising in parallel with the deterioration of kidney function [1,2]. Emerging
factors linked to kidney dysfunction, such as inflammation, oxidative stress, and most
notably vascular calcification (VC), are gaining recognition for their critical role in CVD
and reduced patient survival [3-6].

VC occurs early in CKD and increases progressively, as kidney function declines. CKD
patients exhibit all four types of VC: intimal and medial calcification in arteries, heart valve
calcification, and calciphylaxis, which is more disease-specific for dialysis (Ca** deposits in
small arteries leading to the necrotization of skin and fat tissue, causing painful ulcers) [7,8].
Each type significantly and independently increases the risk of CV morbidity and mortality
in these patients [9-11]. Microcalcification of the arterial wall is found 45 times more often
in CKD patients compared to age-gender-matched controls from the general population,
whereas at pre-dialysis CKD, the prevalence of intimal and medial calcification ranges from
50 to 90%, and after 5 years on dialysis, heart valve calcification is reported in more than 80%.
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The balance between activators and inhibitors of VC (Figure 1) is severely deranged in CKD
and especially ESKD, due to the pronounced upregulation of activators and suppression
of the function and/or reduction in circulating inhibitors by the uremic environment and
by dialysis-related factors [12]. Notably, even after years of undergoing hemodialysis
(HD), 10-20% of patients do not present VC because they are protected from the naturally
occurring defense inhibitors of VC [13]. In healthy subjects, VC is a degenerative process,
which increases with advanced aging. Under this perspective, CKD might be considered
as a clinical model of premature and abnormally increased aging, which leads to arterial
aging as well. This early arterial aging in both micro- and macrovasculature in uremia is
driven by several factors, including endothelial dysfunction, inflammation, oxidative stress,
genomic instability, cell senescence, uremic toxins accumulation, attrition of telomeres,
mitochondrial dysfunction, and metabolic disorders.
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Figure 1. The disrupted balance between promoters and inhibitors of vascular calcification that in-
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clines towards the deposition of calcium and hydroxyapatite formation on the vessels. (ALP: Alkaline
phosphate, BMP: Bone Morphogenetic Proteins, FGF-23: Fibroblast Growth Factor 23, MGP: Ma-
trix Gla Protein, MMPs: Matrix Metalloproteinases, OPG: Osteoprotegerin, OPN: Osteopontin,
OS: Oxidative Stress, PPI: Pyrophosphate Ions, TNF-o: Tumor Necrosis Factor alpha).

Among inhibitor proteins, the matrix Gla protein (MGP) stands out as the most
powerful and clinically important [9,14]. Although it was first discovered in bone tissue
and was considered to be a bone-regulating protein back in 1987 [15], MGP has emerged as
an important key player in VC when Luo et al. in 1997 observed rapid arterial calcification
and premature death due to rupture of the aorta (within weeks) in knock-out animal models
for MGP rats [16]. Following this landmark study, subsequent research demonstrated the
critical role of MGP in the pathogenesis of VC [14,17].

MGTP is a small 84 amino acid protein, containing 3 serine and 5 glutamate residues
that is expressed in bone, arteries, heart, cartilage, and kidneys. Once activated, MGP
delays the progression or even regresses VC, in some cases, by directly scavenging free,
reactive calcium ions, phosphorus ions, and hydroxyapatite crystals from the arterial wall
and then disposes them into circulation with a vacuum-like mechanism; and indirectly, by
downregulating the promoter of VC bone morphogenetic protein-2 (BMP-2). These actions
require the activation of MGP, which is a two-step process that is heavily dependent on the
availability of vitamin K [18]. Vitamin K acts as an essential co-factor for y-carboxylation of
glutamate and the sequential phosphorylation of serine residues to transform into the fully
inactive form (dephosphorylated, uncarboxylated dp-ucMGP) of MGP. Therefore, MGP
exists in four forms, dp-ucMGP, the partially inactive carboxylated dephosphorylated and
uncarboxylated form, and the fully active form. Experimental data showed that dp-ucMGP
aggregates at sites of calcification, and clinical studies have coherently shown a strong
association with atherosclerosis, arterial stiffness, CVD, and mortality in CKD and HD
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patients [19]. MGP belongs to a larger family of 17 vitamin K-dependent protein-VKDPs,
including prothrombin, proteins C and S, and osteocalcin [20,21], which all need vitamin
K to become activated and regulate hemostasis and bone and artery health [22]. Thus,
the fully inactivated form of MGP, circulating dp-ucMGP, reflects poor vitamin K status
and is a strong, independent predictor of VC and CVD in ESKD patients [23]. Moreover,
in pre-dialysis CKD, plasma dp-ucMGP levels progressively increase in accordance with
the deterioration of the glomerular filtration rate (GFR), indicating uremia as a state of
pronounced vitamin K deficiency [24,25].

This review aims to address the unresolved issues of vitamin K dietary recommended
dose for CKD patients, which biomarker reflects vitamin K deficiency, and present a critical
appraisal of controlled clinical trials examining vitamin K supplementation in CV outcomes.
Moreover, since the existing data are controversial due to methodological flaws of the trials
published so far, we also provide suggestions for the design of future controlled trials in
this field.

2. Vitamin K Biomarkers

In both research and clinical practice, direct measurement of vitamin K levels in the
blood has certain limitations [26]. First, circulating vitamin K represents only a small
fraction of total body stores and varies greatly depending on recent dietary intake [27]. Sec-
ondly, although phylloquinone (vitamin K1) is relatively easy to measure, menaquinone [28]
(vitamin K2) is a small particle that can only be detected in very high concentrations [29].
Third, these measurements may not detect subclinical vitamin K deficiency, which can
negatively impact health before prothrombin time (PT) prolongation [30-32]. Finally, the
optimal biomarker assessing vitamin K status has to reflect both the status and the clinical
importance of this vitamin. Therefore, the approach of measuring VKDPs as biomarkers
could enable a more sensitive and reliable assessment of functional vitamin K status.

The collective measurement of the inactive forms of VKDPs emerges as a rational
alternative to use as biomarkers for vitamin K, due to their direct dependence on vitamin K
for activation and function [33]. VKDPs provide insight into vitamin K status and implicate
the consequences of its insufficiency for protein activation [34]. Initially, undercarboxylated
osteocalcin (OC) was used as a biomarker, but it is mainly concentrated in bone tissue and
its sensitivity is influenced by vitamin D and PTH levels (which are often disturbed in
advanced CKD) [35,36]. Therefore, OC showed limited benefit, particularly in the CKD
population, and is not sufficiently representative of other vitamin K properties, such as
blood coagulation and VC. As research progressed, two additional VKDPs gained promi-
nence as valuable biomarkers: dp-ucMGP and protein induced in the absence of vitamin
K or antagonism factor II (PIVKA-II) [37]. Dp-ucMGP accurately represents circulating
vitamin K and has been confirmed by several studies to be strongly associated with VC in
the CKD and ESKD population [9,38], while PIVKA-II reflects the vitamin K liver status of
prothrombin, a key coagulation factor [39,40]. Studies have consistently shown a strong
inverse correlation between circulating dp-ucMGP and PIVKA-II levels and plasma vitamin
K concentration in various populations, including healthy and CKD subjects [39,41,42].

Soon after Schurgers et al. coined a novel sandwich antibody detection method for
measuring circulating dp-ucMGP, this marker gradually emerged as a well-studied and
reliable circulating biomarker of vitamin K status. Recent research has demonstrated its
significant association with various markers of arterial calcification and stiffness-carotid
intima-media thickness, pulse-wave velocity (PWYV), and coronary calcification score-CVD
and overall mortality in CKD patients across stages [42]. A cohort study of 107 renal
patients with CKD stages 2-5 showed elevated dp-ucMGP levels, which were significantly
associated with the progression of renal failure, degree of aortic calcification, and all-cause
mortality [43]. In a similar study of 137 CKD patients at various stages, Puzantian et al.
observed that dp-ucMGP levels rose with worsening CKD stage and were an independent
risk factor for worsening carotid-femoral pulse wave velocity (PWV) [44]. Two independent
studies, each involving 160 and 50 HD patients, confirmed an association between dp-
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ucMGP levels and abdominal aortic calcification assessed by spiral computed tomography
(CT). Furthermore, in one of the two studies, dp-ucMGP levels and duration since starting
hemodialysis were positively correlated [45,46]. Schlieper et al. showed that increased
dp-ucMGP concentration was associated with all-cause mortality in HD patients [47].
Increased mortality associated with high dp-ucMGP levels was also reported in a large
study of patients with stage 5 CKD, who were followed for up to 42 months. Interestingly,
the correlation in this study was independent of the VC status of the patients [48]. In
agreement with these findings, a small observational study with a long 7-year follow-up
showed that increased circulating dp-ucMGP was a strong, independent predictor of death
(hazard ratio-HR = 2.63, 95% confidence interval-CI = 1.17-5.94), CV mortality (HR =2.82,
95% CI = 1.07-7.49), and CKD progression to ESKD or at least a 30% decline in GFR
(HR =4.02, 95% CI = 1.20-13.46) [24]. Finally, a large longitudinal study of 518 kidney
transplant recipients over a median period of 9.8 years concluded that dp-ucMGP levels
served as an independent predictor of both all-cause mortality and graft failure [49].

Protein induced in the vitamin K absence or antagonism-factor II (PIVKA-II), first re-
ported by Liebman et al. in 1984, serves as a marker for the vitamin K status of coagulation-
relevant proteins [50]. Vitamin K is necessary for the y-carboxylation of the glutamic acid
residues in these proteins [51]. Elevated PIVKA-II levels, usually undetectable in healthy
individuals, indicate vitamin K deficiency, which results in undercarboxylation of prothrom-
bin (factor II), an inactive form that cannot properly participate in blood clotting [32,52]. It
acts as a more sensitive indicator of vitamin K deficiency compared to prolonged PT [53].
Clinically, PIVKA-II is used as a biomarker of vitamin K levels in newborns [54], as a
diagnostic marker for hepatocellular carcinoma (in combination with x-fetoprotein) [55]
and as a monitor for patients receiving vitamin K antagonists [56]. The benefit of the
PIVKA-II measurement is also being studied in CKD patients [57,58].

PIVKA levels inversely correlate with dietary vitamin K intake [40]. In one study, a
gradual increase in detectable PIVKA-II levels was observed as CKD progressed. While
PIVKA-II was rarely detected in stage 3 CKD, it was more common in stage 4 and often
detected in stage 5 CKD patients. This trend was further supported by two studies of
HD patients in which 83% to 97% of participants had abnormal PIVKA-II levels [59,60].
However, a Polish study of HD patients reported PIVKA-II levels similar to those of
healthy volunteers. It is noteworthy that this study used a different assay for the PIVKA-II
measurement compared to the remaining studies [61]. Additionally, a study of 28 patients
undergoing continuous ambulatory peritoneal dialysis (CAPD) found that half of the
participants had abnormal PIVKA-II levels [62].

Some studies have examined the correlation between PIVKA-II and clinical outcomes
in CKD patients, but data are currently limited. A study of 44 HD patients confirmed
the high prevalence of abnormal PIVKA-II levels (91%) in end-stage CKD and revealed a
significant association between elevated PIVKA-II and coronary artery disease (CAD) [58].
This finding suggests that PIVKA-II may be a potential marker for increased cardiovascular
risk. Additionally, a recent study of 69 HD patients contributed to the investigation of the
association between PIVKA-II and the coronary artery calcification (CAC) score. While the
study found a positive association between the PIVKA-II and CAC score in diabetic HD
patients, this correlation was not statistically significant in non-diabetic HD patients [63].
These findings require further investigation in larger studies to confirm the potential role of
PIVKA-II as a biomarker for cardiovascular complications in CKD. Both studies involved
relatively few participants, highlighting the need for further research with larger and more
diverse patient populations.

In summary, direct measurement of vitamin K is impractical and does not accurately
reflect the true functional vitamin K status. Hence, VKDPs, such as PIVKA-II and dp-
ucMGP, serve as better biomarkers; they represent different aspects of vitamin K activity
in the body. Studies have shown a weak correlation between PIVKA-II and dp-ucMGP,
supporting their distinct roles [64]. The dp-ucMGP acts as a marker of circulating vitamin
K and is tightly associated with VC. In contrast, PIVKA-II reflects hepatic vitamin K status
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and may be a more sensitive and earlier indicator of impaired coagulation, a process
heavily reliant on vitamin K. Notably, PIVKA-II levels are not affected by renal function
and the cholesterol-triglycerides levels in contrast to vitamin K [58]. In several studies,
abnormal levels of both PIVKA-II and dp-ucMGP have been observed in CKD patients.
While dp-ucMGP has a well-established association with CVD, the link between PIVKA-II
and CVD remains under investigation. Further research is needed to explore the potential
role of PIVKA-II as a biomarker for cardiovascular complications in CKD.

3. Clinical Aspects of Vitamin K Supplementation
3.1. What Is the Actual Recommended Daily Intake?

Vitamin K, a fat-soluble essential micronutrient obtained exclusively through diet,
plays a vital role in three essential bodily functions: blood clotting, promoting skeletal
health through osteocalcin activation, and preventing VC. In newborns, vitamin K sup-
plementation is a worldwide practice for the control of hemostasis [65,66]. However,
its importance in adults is underestimated because, in contrast to the established recom-
mended daily dose for vitamin K1 (women: 90 pg/day, men: 120 ug/day), there is currently
no unanimously accepted dosage for vitamin K2 [7,32,67]. Moreover, these recommended
doses of vitamin K aim to prevent evident coagulation abnormalities, and the daily dosage
required for the carboxylation of VKDPs has not been thoroughly studied [68]. In the
general population, a relatively balanced diet ensures adequate vitamin K intake and
deficiency is only occasionally reported [26,69]. Additionally, vitamin K toxicity due to
excessive consumption has not yet been reported, making it a safe choice and therefore
does not set an upper limit for consumption [70-72]. However, vitamin K status in CKD
patients differs from the rest of the population [73]. The current recommended dietary
intake (RDI) refers only to vitamin K1 and aims to prevent hemostasis disorders. However,
there are currently no reports on the recommended intake of vitamin K2 for preventing
VC nor any specific recommendations for patients with heavy CV burden, such as diabetic,
CKD, and ESKD patients.

3.2. Vitamin K Status in Kidney Disease

In CKD patients, several factors contribute to the high prevalence of vitamin K de-
ficiency [74]. In particular, in advanced stages, dietary restrictions to limit potassium,
phosphorus, and protein intake inadvertently result in the exclusion of important sources
of vitamin K, such as dark leafy vegetables and dairy products [75]. As a result, more
than half of CKD patients report consuming less than the recommended daily vitamin K
intake [59]. While this amount may be sufficient to avoid PT prolongation, it may lead to
subclinical vitamin K deficiency and its long-term consequences [69]. In particular, several
VKDPs would fail due to the absence of vitamin K, unable to be fully carboxylated or
function properly, resulting in an inability to maintain bone health or to prevent VC [23,76].

In addition, CKD patients are prescribed a number of medications that interfere with
the absorption and effects of vitamin K [77]. These include phosphate binders, which are
commonly used to treat CKD complications, as well as antibiotics (e.g., cephalosporins), an-
ticonvulsants, statins, and anticoagulants, which potentially impair vitamin K metabolism
and reduce circulating VKDPs [78-81]. Notably, vitamin K antagonists such as warfarin
(originally used as an anticoagulant rodenticide) were, until recently, the main treatment for
patients requiring anticoagulation therapy for conditions like atrial fibrillation, pulmonary
embolism, or thrombophilia [82]. These drugs work by inhibiting VKOR, an enzyme neces-
sary for the vitamin K metabolic cycle (Figure 2) [83]. However, this vitamin K blockade not
only provides anticoagulant benefits but also promotes accelerated VC and calciphylaxis,
as observed both experimentally and clinically [84-86]. Fortunately, studies have shown
that vitamin K supplementation following exposure to antagonists can reverse arterial
mineralization [87-89].
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Finally, the predominant uremic environment in CKD patients is characterized by
the presence of uremic toxins, waste products, and impaired metabolome that appear to
interfere with the activity of vitamin K recycling molecules and enzymes [75,90]. While
the exact mechanisms are still being studied, uremia may regulate vitamin K metabolism
by inducing post-transcriptional modifications and disrupting RNA expression, leading
to abnormal enzyme conversion in tissues [91]. Alongside, there are reports of a genetic
predisposition to the deranged vitamin K cycle that is common in ESKD patients [92-95].
All these factors act synergically and result in a marked deficiency of vitamin K in ESKD.

3.3. Clinical Consequences of Vitamin K Deficiency

Several large observational studies have shown that vitamin K deficiency is associated
with worse CVD outcomes [9]. The Rotterdam Study, a population-based study, followed
over 4800 participants over a period of 10 years and found that subjects with suboptimal
vitamin K dietary intake and low concentrations of vitamin K2 (menaquinones 4 to 10) had
a higher risk of aortic calcification, CVD, and increased all-cause mortality. Interestingly,
this study did not find a significant association between vitamin K1 and these clinical out-
comes [96]. Similarly, the PREVEND (Prevention of Renal and Vascular End-Stage Disease)
study included citizens of Groningen (4275 participants included) and followed them for
8.5 years. The study showed an association between functional vitamin K deficiency and
increased all-cause and CVD mortality, in both the general population and the subgroup
of participants with CKD [97]. In CKD patients, this was further confirmed by the results
of the Third National Health and Nutrition Examination Survey (NHANES III), which
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reported that patients with lower consumption of vitamin K-rich foods were associated
with higher all-cause mortality and CVD mortality after a follow-up period of 13.3 years
and a total of 37,408 person-years [98].

The dynamic process of bone remodeling that is impaired in CKD patients, called
CKD-mineral and bone disease (CKD-MB), involves vitamin K in the complex interaction
of vitamin D, PTH, and fibroblast growth factor 23 (FGF-23) [99]. Several mechanisms have
been proposed for the contribution of vitamin K to bone formation [100]. Vitamin K2 could
inhibit bone resorption by reducing the concentrations of interleukin-6 and prostaglandin
E2 within bone tissue [101]. Vitamin K2 also functions as a necessary cofactor of osteocalcin,
an important VKDP and crucial player in bone mineralization. When activated by vitamin
K, osteocalcin binds calcium to hydroxyapatite, the main mineral component of bones,
leading to bone formation [102,103]. In clinical research, an exploratory analysis of a
study that followed patients with ESKD for an average of 5.1 years confirmed that poor
functional vitamin K status is associated with inflammation and reduced bone mass. In
addition, Vitamin K deficiency was linked to an increased risk of fracture after a kidney
transplant [104]. In an Italian study, after a one-year observation of 387 HD patients,
researchers concluded that vitamin K2 deficiency was a predictor of aortic calcification and
that low vitamin K1 levels were a predictor of vertebral fractures [105]. A similar finding
was also observed in a previous study of 68 HD patients, which found an association
between depleted vitamin K status and increased fracture risk alongside higher PTH
levels [106].

A body of growing evidence is linking deficiency to CVD and bone complications,
especially in CKD patients. However, the measurement, function, and supplementation
are often underused in adult clinical practice, resulting in millions of patients who are still
prescribed vitamin K antagonists [99,107,108]. This could be detrimental to a high-risk
population like CKD, where vitamin K deficiency is highly prevalent.

4. Studies Examining the Effect of Vitamin K Supplementation in Uremia

Recognizing the depleted vitamin K status in CKD patients and its potential conse-
quences on CV health, replenishing vitamin K reserves appears to be a rational approach.
Among the existing options for vitamin K supplementation, currently, most research
favors menaquinone-7 (MK-7), a commercially available member of the vitamin K2 fam-
ily [60,109,110]. MK-7 stands out due to its pharmacological properties: it has the longest
chain length, which leads to a significantly longer half-life (approx. 3 days) and optimal
bioavailability in humans [77,111]. At the molecular level, MK-7 easily integrates into low-
density lipoproteins (LDLs), facilitating transport to extrahepatic tissues, such as vessels
and bone tissue [112]. These properties make it superior to other forms of menaquinone
(with shorter chains and lower bioavailability) and phylloquinone (vitamin K1), which
are concentrated primarily in the liver [113,114]. Based on the potential benefits of MK-7
supplementation on vascular health in CKD patients, several randomized controlled tri-
als (RCTs) have been conducted to investigate its effectiveness [115,116]. These studies
examined the effects of MK-7 on various parameters, including PWV (a measure of arterial
stiffness), progression of CAC (a marker of cardiovascular risk), and cardiovascular events.
Table 1 summarizes the interventional trials with vitamin K supplementation in CKD
patients, dialysis patients and kidney transplant recipients.
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Table 1. Interventional trials with vitamin K supplementation in CKD patients, dialysis patients, and

kidney transplant recipients.
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Non-dialysis CKD Patients
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ViKTORIES : 5mg x Vitamin No effect on VC or severe arteriosclerosis at s
[127] 2021 20 Diphos- 3/week 12 months K/Placebo vascular stiffness baseline diphosphate Lo
phate -dp-ucMGP < 900 pmol /L was supplementation in KRTs,
not accurately quantified
-the active group had
significantly increased
albuminuria and higher
prevalence of diabetes and
CVD at baseline
Meta-analysis Studies
Andrian 6 ks t Both adult and Non-significant jgbglkrli van(?bllllllgi;rrl\ v;:’tactln nk -large sample/man
etal. 2023 830 K1/K2 variable weeks (? pediatric HD trend in reducing 8 pop o ¢ . g, P y
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vitamin K status

Abbreviations; CAC: Coronary Artery Calcification, CKD: Chronic Kidney Disease, CIMT: Carotid Intima-
Media Thickness, GFR: Glomerular Filtration Rate, HD: Hemodialysis, KTR: Kidney Transplant Recipients,
MK-7: Menaquinone-7, PWV: Pulse Wave Velocity, VC: Vascular Calcification, TAC: Thoracic Aorta Calcification.

4.1. CKD Populations

In vitro and animal studies have initially shown positive results regarding the ability
of vitamin K supplementation to reverse VC by reducing calcium deposition in the aorta,
carotid, and coronary arteries in uremic models [85,87,129].

The data for non-dialysis CKD patients remain limited, despite the common occurrence
of vitamin K deficiency in this population. To date, only two small, single-center RCTs have
been conducted. In the first study by Kurnatowska et al. (2015), 42 non-dialysis patients
(CKD stage 3-5) were administered either 90 pg of vitamin K2 (MK-7) in combination with
vitamin D or vitamin D alone for 270 days. Compared to the control group, in the patients
who received MK-7, the mean carotid intima-media thickness (CIMT) was significantly
lower, measured by CT scan. However, the CAC score did not reach statistical significance
(p = 0.07). Among the limitations of the study are the small amounts of vitamin K2 received
by the subjects, the small number of participants, and the high variability between the
patients in CAC that were recorded prior to treatment [117].

The second RCT (K4Kidneys) was conducted in 159 CKD patients and compared
400 pg of oral MK-7 with a placebo over a 12-month period. In this study, no significant
differences were found between groups in PWYV, augmentation index, or aortic calcification
score measured by plain radiographs [118]. Notably, the short follow-up duration and the
use of X-ray technology, which may not be sensitive enough to detect early changes in
calcification, may have limited the ability to detect the potential benefits of MK-7 supple-
mentation. Additionally, the study subjects were relatively young and did not have high
rates of vitamin K deficiency, having only moderate decline before treatment. In summary,
data on CKD patients not requiring dialysis are limited to just two single-center trials with
a relatively small number of participants. These limitations restrict the generalizability of
the findings.

4.2. Dialysis Patients

In recent years, several studies have been conducted on dialysis patients that highlight
the potential benefits of vitamin K supplementation on cardiovascular outcomes. A total of
seven RCTs were published in just 4 years.

A single-center RCT in Greece involved 52 HD patients, receiving either 200 pg of
vitamin K2 (MK-7) or placebo daily for one year. Aortic calcification was assessed using
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the Agatston score on CT scans, and no significant difference was found between groups.
Limitations include the low dose of vitamin K, which was not enough to completely restore
the vitamin K levels of the participants (ucMGP was lowered by 45%), the high dropout
rate (approx. 50%), and the short follow-up period [119].

The Valkyrie study examined a different approach. A total of 132 HD patients with
atrial fibrillation were randomized to receive a vitamin K antagonist, rivaroxaban alone,
or rivaroxaban plus 2000 pg of MK-7 three times weekly. As part of the study, patients
were followed for 18 months, where cardiac calcium levels, thoracic aortic calcium levels,
and PWV were measured. VC values, cardiovascular events, and all-cause mortality were
similar across the groups [120]. However, the dp-ucMGP levels of the MK-7 group were
persistently high (average 850 pmol/L) even after 18 months of supplementation, indicating
inadequate supplementation, and several patients were lost during follow-up, with most
of them being of advanced age (mean age: 79.6 years), where arteries are more or less
irreversibly mummified by calcium deposition. Interestingly, when the follow-up period
was extended by an additional 18 months, the rivaroxaban and rivaroxaban plus vitamin
K groups showed lower risk rates for cardiovascular events compared to the warfarin
group [130].

The RenaKvit trial enrolled 48 HD and PD patients, which were randomized to
360 pg of MK-7 or placebo. This study had the longest follow-up (2 years). Despite
substantial improvements in arterial calcification observed in the vitamin K2 arm, VC was
not significantly affected based on measurements of carotid-femoral PWV and calcification
scores of the aorta and cardiac valves (Agatston scores) [121]. The effectiveness of the
treatment was likely compromised by the fact that almost 90% of participants in the active
group continued to receive non-calcium phosphate binders and, as a result, only a modest
decrease (40%) in dp-ucMGP levels was documented.

Currently, the largest study, “Trevasc-HDK” involved 138 dialysis patients random-
ized to receive 360 pg of MK-7 three times weekly or placebo. At 18 months, no significant
differences were documented in the primary endpoint (CAC score) or secondary endpoints
(aortic valve calcification, carotid-femoral PWYV, aortic augmentation index, and cardio-
vascular events) [122]. Again, the vitamin K2 group showed numerically better results
on all VC endpoints, similar to the previous studies, while no statistical significance was
reached. Due to the low dose of vitamin K2 administered, dp-ucMGP levels remained
expectedly high in both the control and treatment groups at the end of the study (2986 vs.
2500 pmol/L). Furthermore, the authors reported that a minimum number of 170 patients
would be required to detect a statistical difference, but this was not feasible due to the rela-
tively high dropout rate. Finally, an open multicenter RCT from Thailand enrolled 96 HD
patients, half of whom received 360 ug of MK-7 daily and the other half a placebo. While
carotid-femoral PWV (the primary endpoint) showed no significant difference between
groups at six months, diabetics in the MK-7 group showed significantly reduced PWV. In
addition, all patients who consumed vitamin K2 showed a lower rate of arterial stiffness
progression compared to controls [123]. The last two studies only included participants
from Asian countries, so the generalizability of the findings to other ethnicities is unclear.

Two recent studies examined the supplementation with vitamin K1 (phylloquinone)
instead of vitamin K2. The “iPACK-HD” is a multicenter placebo-controlled trial, which
compared 10 mg of phylloquinone thrice weekly to the placebo in 86 HD patients. Vitamin K
status improved significantly, but the CAC score showed no difference in terms of absolute
score or progression after 12 months. Notably, this was a feasibility study, designed to
assess the practicality and effectiveness of conducting a larger-scale trial. In addition, there
was an age discrepancy between groups, with a higher proportion of younger patients
(48-60 years old) in the placebo group compared to the vitamin K group (almost all above
60 years old) who showed substantial and potentially irreversible VC at baseline [125]. The
second vitamin K1 study, the “VitaVasK” trial followed 40 patients for 18 months, and
the average thoracic aortic and the CAC were 56% and 68% lower, respectively, in the
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vitamin K1 group compared to placebo [124]. These results suggest a slower calcification
progression rate in major arteries with phylloquinone supplementation.

In conclusion, despite the growing number of studies in recent years, several factors
make it difficult to generalize their findings. These include discrepancies in vitamin K
dosing, heterogeneity in study design, the use of different endpoints among the studies,
and, crucially, diverse methods for measuring VC. These observed inconsistencies make it
difficult to draw clear-cut conclusions about whether vitamin K administration improves
vascular health in dialysis patients.

4.3. Kidney Transplant Recipients

In kidney transplant recipients (KTRs), supplementation of vitamin K seems to have
a more clear-cut beneficial effect. A single-center trial involving 60 patients reported
that daily supplementation with 360 pg of MK-7 significantly reduced both dp-ucMGP
levels and carotid-femoral PWV values by 14.2% (p < 0.001) within an 8-week period.
Significantly, the greatest improvement in arterial stiffness was observed in patients who
were vitamin K deficient at baseline [126]. However, the “ViKTORIES” trial, a double-blind
RCT conducted in the same year, tested an experimental synthetic vitamin K3 molecule
(menadiol diphosphate) on 45 patients. The authors reported that the treatment group did
not benefit when compared to the placebo group in terms of vascular calcification (CAC
score) or vascular stiffness (ascending aortic distensibility) [127]. A possible explanation
is that the majority of patients included had severe arteriosclerosis before the procedure
and, in addition, it was a small sample (only 72 completed the study) and a short follow-up
period (12 months).

An important shortcoming of this study was that being the first to test menadiol
diphosphate supplementation in KRTs, there were no prior studies determining the dose
and the duration of the vitamin K therapy, whereas the authors stated as a limitation the
fact that dp-ucMGP values below 900 pmol/L were not accurately quantified and therefore,
vitamin K status was not identified or stratified in these values. Finally, at baseline, the
two patient groups differed significantly regarding traditional CV risk factors favoring
the placebo group; the active group had significantly increased albuminuria and a higher
prevalence of diabetes and CVD.

Recently, Sun et al. conducted a meta-analysis to further investigate the role of
vitamin K in KTRs, given the scarcity of data in this population. After analyzing seven
studies encompassing 1101 patients, the researchers concluded that vitamin K positively
impacted patient survival, reducing all-cause mortality, and contributed to improved
kidney function by increasing the mean GFR [128]. This meta-analysis had low publication
bias and relatively adequate sensitivity analysis, factors improving the robustness of
reported results. Moreover, the majority of data was derived from a large, well-designed
study by the Transplant Lines investigators and the Dutch group, who measured circulating
dp-ucMGP in 578 KTRs and separately in 124 KTRs prior and 90 days following the KT
procedure. The authors found a steep (mean —643 pmol/L) decline in dp-ucMGP after KT
and every 10 mL/min/1.73 m? increase in eGFR was associated with a 14.0% reduction in
dp-ucMGP levels [131].

These findings support the adoption of biomarkers that are independent of kidney
function (e.g., dp-ucMGP) for the evaluation of vitamin K status in both everyday clinical
practice and experimental research.

4.4. Critical Assessment of Interventional Studies

Up to date, the results reported by the existing trials on vitamin K supplementation
in CKD patients remain controversial. However, before rejecting the idea of vitamin K
supplementation, a critical assessment of the quality, the shortcomings, and the limitations
of these data should be discussed.

The studies presented above exhibit significant heterogeneity. This variability extends
to the difference in the degree of VC at baseline, the vitamin K types used (phylloquinone,
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menaquinone, menadiol), the dosage, and the frequency of administration. Moreover,
the short follow-up durations (on average below 1.5 years) in most of the trials pose an
important limitation [116]. Most studies enrolled fewer than one hundred patients in
both arms of the randomized trial, which, in combination with a relatively high dropout
rate, lowers the statistical power [132]. Additionally, the majority of participants in these
studies were elderly patients or those already exhibiting advanced arterial calcifications,
indicating late-stage vascular calcification, where reversal of damage may be practically
impossible [133,134]. Finally, due to blind randomization in certain cases, the vitamin
K group had a heavier CV burden or had optimal vitamin K levels at baseline, thus
jeopardizing the research question and therapeutic target of the study.

These concerns were recently underscored in a meta-analysis conducted by Andrian
and colleagues. Encompassing 830 HD patients from 11 RCTs, their analysis also concluded
that there was no improvement observed in terms of mortality and VC following vitamin K
administration. However, upon scrutinizing the data, it becomes evident that there is high
variability in vitamin K dosing (100 to 2000 pg), population heterogeneity (including both
pediatric and elderly patients), and disparate endpoints being assessed, while half of the
studies do not include mortality or VC on their measurements, limiting their applicability to
real-world clinical settings [115]. Conversely, a meta-analysis of 13 controlled clinical trials
(n =2162) and 14 longitudinal studies (n = 10,726) showed that Vitamin K supplementation
was accompanied by a significant 9.1% (95% CI —17.7 to —0.5) decrease in the degree
of VC and a non-significant improvement in arterial stiffness, due to a 44.7% (95% CI
—65.1 to —24.3) decrease in plasma dp-ucMGP levels. Moreover, longitudinal data with
long follow-up periods (median 7.8 years) showed that circulating VKDPs were strong
predictors of CVD or death (HR 0.45, 95% CI 0.07 to 0.83) [135].

Among these factors, the dosage of vitamin K is a neglected but crucial factor. Al-
though there is no established daily dosage recommendation for vitamin K in kidney
disease [68], the significant vitamin K deficiency in these patients is well documented due
to factors that impede absorption, distribution, and bioavailability [74,136]. Existing studies
have typically employed a dosage range of 90 to 360 ug of MK-7 per day. Interestingly,
the 360 ng upper cut-off limit has been chosen quite arbitrarily from the 360 days of the
year. The exact dose of vitamin K2 needed to achieve optimal vitamin K status in HD was
first investigated in two separate studies by Westenfeld et al. and Caluwe et al. [137,138].
Westenfeld et al., tested lower doses of 45, 135, or 360 pg/d for six weeks, achieving reduc-
tions in dp-ucMGP levels of 77% and 93% with doses of 150 pug and 360 ug, respectively.
However, even the highest dose of 360 g daily did not normalize dp-ucMGP values [138].
Similarly, Caluwe et al. evaluated higher doses of 360, 720, and 1080 pg three times a
week, reporting substantial reductions in dp-ucMGP levels as well, yet many patients
still exhibited abnormal levels [137]. It should be emphasized that the use of MK-7 or
phylloquinone, even at high doses, has not been associated with major adverse events,
making it a safe and well-tolerated therapy [139,140]. Consequently, the justification of
these dosages requires re-evaluation, as they may not be adequate to ensure vitamin K
sufficiency in CKD patients, and higher doses are likely required for meaningful effects
to occur.

Additionally, sub-analyses of certain studies have revealed that the beneficial effects of
vitamin K supplementation reached statistical significance in patients who were identified
as having vitamin K deficiency prior to the intervention [7,126,127]. While depleted levels
of vitamin K are common among CKD patients, it is important to recognize that not
all individuals with CKD may exhibit such deficiencies [141]. Therefore, it is crucial to
identify specific subgroups of CKD patients who may derive the most benefit from this
treatment approach.

In this direction, evidence suggests that diabetic patients could particularly benefit
from vitamin K supplementation, as reported by both observational and interventional
studies in patients with diabetic nephropathy [24,123]. Another study explored a different
approach by studying genetic variabilities in diabetic patients, finding a genetic polymor-
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phism (T-138c) of the MGP gene that is linked with CIMT and serves as a robust and
independent predictor of all-cause mortality in patients with diabetic nephropathy [92,142].
Therefore, larger studies, including a greater sampling of CKD patients, are needed to better
understand the specific populations that may benefit most from vitamin K supplementation.
For instance, the underrepresentation of peritoneal dialysis (PD) patients, with fewer than
twenty individuals included in the totals of current data [115], raises questions about the
potential effects of vitamin K on this subgroup.

5. Future Directions
5.1. Ongoing Trials

Despite the growing body of research in recent years, it will be crucial to gain further
insights into vitamin K supplementation and its effects on VC and CVD in CKD patients.
Studies conducted to date have raised concerns about whether vitamin K administration can
effectively reduce the increased cardiovascular risk associated with CKD. Fortunately, seven
additional trials are currently underway that may help better understand the potential
value of vitamin K supplementation in this patient population.

The “VitK-CUA” trial (NCT02278692) investigates whether 10 mg vitamin K1 (VK1)
thrice weekly improves VC and calciphylaxis in CKD patients. Meanwhile, the “Vita-K
‘n’ CKD” (NCT03311321) is an 8-week, placebo-controlled RCT study examining whether
daily vitamin K2 supplementation (360 ug MK-7 a day) enhances endothelial function
and improves arterial stiffness in HD patients. The “VIKIPEDIA” study (NCT04900610)
marks the first trial in PD patients, evaluating the effect of higher doses of vitamin K (1 mg
MK-7 daily) on arterial stiffness by measuring changes in PWV and ambulatory blood
pressure [143]. The UCASAL-VITK trial (NCT04539418) examines the effect of high doses
of MK-7 as well (1000 pg three times weekly) administered intravenously after each dialysis
session on CIMT in HD patients. Additionally, a Japanese study (UMIN000011490) tests
a synthetic analog of MK-4 (Menatetrone) on dialysis patients. Researchers will assess
changes in abdominal aortic calcification 12 and 24 months after daily administration of
45 mg of the drug [144]. An Egyptian trial (NCT04477811) compares the effects of vitamin
K1, vitamin K2, and placebo in HD patients, focusing on changes in dp-ucMGP levels.
Finally, the Canadian “VISTA” trial (NCT02324686) investigates whether 400 ug of vitamin
K1 three times weekly helps control the international normalized ratio (INR) in HD patients
with atrial fibrillation.

5.2. Novel Biomarkers

The contraindicatory results of existing data raise the clinical question of whether it
is feasible to reverse the calcification process in patients with already advanced vascular
damage. Earlier, timely identification of increased risk for VC will allow for prompt
treatment and therapeutic decisions. In this direction, investigators are exploring novel
biomarkers that detect early signs of VC. T50 and the Biohybrid Assay have emerged as
two such promising examples of biomarkers.

Transformation time (T50), also called the serum calcification propensity test, is a func-
tional test that measures the inherent ability of a patient’s serum to inhibit the precipitation
of calcium and phosphate. By artificially increasing the calcium and phosphate concentra-
tion in the serum, the conversion of spherical colloidal primary calciprotein particles (CPPs)
into secondary CPPs is triggered [145]. CPPs are essentially colloidal particles formed in the
serum in place of crystalline hydroxyapatite [146]. This assay measures the time-resolved
changes in nephelometry during the conversion of primary CPPs to secondary CPPs [145].
A meta-analysis by Pluquet et al. included 57 publications and 23 clinical studies on CKD,
dialysis patients, and kidney transplant recipients [147]. They concluded that T50 associates
with CVD, mortality, and graft loss in this population. The important limitation of this
biomarker is that it depends solely on a chemical reaction without assessing the influence
of the vascular endothelial environment.
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The BioHybrid assay, developed by Schurgers et al., may offer several advantages
over T50 in identifying calcification proclivity. The BioHybrid assay, as its name suggests,
is a cell-based assay that uses human vascular smooth muscle cells (hVSMCs), taken from
non-atherosclerotic abdominal aortas and then cultured in vitro [148]. After inducing the
calcification process and adding human serum, scientists can measure real-time calcification
development within the assay, unlike T50, which measures a delayed chemical reaction in
serum. The BioHybrid was found to be more sensitive in discerning the calcification risk by
evaluating the total circulating components that can either inhibit or promote calcifications
(serum functional anti-calcifying and buffering capacity, microcell calcification), including
the uremic toxins in CKD patients. For instance, the BioHybrid assay could discern
differences in measurements between post-dialysis and control serum. On the contrary, this
discrimination was not performed by T50, which showed no difference in the human serum
of controls and that of HD patients after the procedure [149]. However, it is important to
note that this method has yet to be applied in real-world clinical settings.

To summarize, innovative biomarkers for VC, like T50 and the BioHybrid assay, could
serve as valuable tools to detect high-risk patients for advanced stages of VC early on and
also as potential therapeutic targets of novel agents that aim to prevent or reverse the VC
process. Further research is essential to validate their value in clinical settings.

5.3. Suggestion for the Design of Future RCTs Examining the Effect of Vitamin K Supplementation
on VC and CV Outcomes in Uremic Patients

Since there were several methodological flaws and limitations in existing studies,
herein we provide suggestions to improve the design of future RCTs examining the effect
of vitamin K supplementation on CV outcomes in uremic patients. The ideal RCT should
have a large sample size, (taking into consideration a high dropout rate), a long follow-up
period (over 18 months), and in the enrolled population, elderly patients whose arteries
are already irreversibly calcified should be excluded. Both vitamin K1 and K2 could be
administered; however, the dosage should be carefully selected. We know from dose-
dependent studies that even 460 pg/day of K2 are under therapeutic in dialysis patients,
and on the other hand, even large doses of 20 mg of K1 and 2000 mg/kg MK-7 per
body weight are safe, well-tolerated, and not toxic. Therefore, in dialysis patients, we
recommend doses of MK-7 > 500 ug/day. Notably, the ongoing VIKIPEDIA trial examines
the effect of 1000 pg of MK-7/day in PD patients. An important but overlooked aspect
is the blind randomization of existing RCTs, which in some cases resulted in treating
vitamin K patients with normal vitamin K status. We recommend that the categorization
of the K and the control groups should not be performed blindly but based on vitamin
K status, which should be assessed by circulating dp-ucMGP when we focus on the
arterial wall and by PIVKA-II when we are more interested in hepatic vitamin K status.
To ensure that vitamin K can exert its biological effects, we need to first, at baseline,
correct potential vitamin D and magnesium deficiencies, and terminate phosphate binders
(such as sevelamer) that might undesirably bind and reduce vitamin K bioavailability.
However, we should also manage all other well-known factors promoting VC, such as
hyperphosphatemia, hyperparathyroidism, etc., because we believe that the management
of VC in CKD patients needs a multifractional approach where vitamin K might be a
cornerstone but surely not a sole holy-grail therapy. The adopted endpoints should include
a variety of established surrogate markers of VC and stiffness (such as CAC, PWV, IMT)
but also novel, experimental ones (such as T50 and the Biohybrid assay) and on top of that,
clinically hard endpoints, including deterioration of kidney function, mortality, initiation of
dialysis, and CV events. Notably, vitamin K has been suggested to exert pleiotropic effects
on muscle/joint pain, headaches, cognitive function, and bone metabolism as well. The
VIKIPEDIA trial will examine all these endpoints. We need more and well-designed, large
RCTs, to elucidate the area of vitamin K supplementation in CKD and dialysis patients.
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6. Conclusions

In the era of widespread use of multivitamins contained in over-the-counter products,
vitamin K supplements with their generally safe profile remain underutilized, despite
documented high rates of vitamin K deficiency in CKD patients. While a growing number
of clinical trials have examined the encouraging results of preclinical studies, these studies
cannot currently justify the widespread adoption of vitamin K supplementation in everyday
clinical care as a VC treatment strategy. We now stand upon a research paradox; although
nephrologists tended to prescribe warfarin to dialysis patients, which was first launched as
a rat poison, researchers hesitate to conduct trials administering vitamin K in doses similar
to those pediatricians give to newborn babies.

Before we definitively conclude that vitamin K does not offer significant benefits in
CVD, several aspects and limitations of existing studies must be considered. Future studies
facilitating larger patient populations, longer follow-up periods, and especially higher
vitamin K doses are crucial. Furthermore, identifying specific subgroups of CKD patients
who may benefit most from nutritional supplementation could significantly improve
therapeutic outcomes.

Funding: This research received no external funding.
Data Availability Statement: All data are available within the manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Van Der Zee, S.; Baber, U.; Elmariah, S.; Winston, J.; Fuster, V. Cardiovascular risk factors in patients with chronic kidney disease.
Nat. Rev. Cardiol. 2009, 6, 580-589. [CrossRef]

2. Kendrick, J.; Chonchol, M.B. Nontraditional risk factors for cardiovascular disease in patients with chronic kidney disease. Nat.
Clin. Pract. Nephrol. 2008, 4, 672-681. [CrossRef]

3.  Shroff, R,; Long, D.A.; Shanahan, C. Mechanistic insights into vascular calcification in CKD. J. Am. Soc. Nephrol. 2013, 24, 179-189.
[CrossRef]

4. Chen, J.; Budoff, M.].; Reilly, M.P.; Yang, W.; Rosas, S.E.; Rahman, M.; Zhang, X.; Roy, ].A.; Lustigova, E.; Nessel, L. Coronary
artery calcification and risk of cardiovascular disease and death among patients with chronic kidney disease. JAMA Cardiol. 2017,
2,635-643. [CrossRef]

5. Zoccali, C.; Mallamaci, E; Tripepi, G. Novel cardiovascular risk factors in end-stage renal disease. J. Am. Soc. Nephrol. 2004, 15,
S77-580. [CrossRef]

6. Roumeliotis, S.; Neofytou, L.E.; Maassen, C.; Lux, P,; Kantartzi, K.; Papachristou, E.; Schurgers, L.]J.; Liakopoulos, V. Association
of Red Blood Cell Distribution Width and Neutrophil-to-Lymphocyte Ratio with Calcification and Cardiovascular Markers in
Chronic Kidney Disease. Metabolites 2023, 13, 303. [CrossRef]

7. Roumeliotis, S.; Roumeliotis, A.; Dounousi, E.; Eleftheriadis, T.; Liakopoulos, V. Vitamin K for the treatment of cardiovascular
disease in End-Stage Renal Disease patients: Is there hope? Curr. Vasc. Pharmacol. 2021, 19, 77-90. [CrossRef]

8. Dube, P,; DeRiso, A.; Patel, M.; Battepati, D.; Khatib-Shahidi, B.; Sharma, H.; Gupta, R.; Malhotra, D.; Dworkin, L.; Haller, S.
Vascular calcification in chronic kidney disease: Diversity in the vessel wall. Biomedicines 2021, 9, 404. [CrossRef]

9. Roumeliotis, S.; Dounousi, E.; Salmas, M.; Eleftheriadis, T.; Liakopoulos, V. Vascular calcification in chronic kidney disease: The
role of vitamin K-dependent matrix Gla protein. Front. Med. 2020, 7, 154. [CrossRef]

10. Mazhar, A.R.; Johnson, R.J.; Gillen, D.; Stivelman, J.C.; Ryan, M.].; Davis, C.L.; Stehman-Breen, C.O. Risk factors and mortality
associated with calciphylaxis in end-stage renal disease. Kidney Int. 2001, 60, 324-332. [CrossRef]

11.  Urefa-Torres, P.; D'Marco, L.; Raggi, P.; Garcia-Moll, X.; Brandenburg, V.; Mazzaferro, S.; Lieber, A.; Guirado, L.; Bover, ]. Valvular
heart disease and calcification in CKD: More common than appreciated. Nephrol. Dial. Transplant. 2020, 35, 2046-2053. [CrossRef]

12. Mizobuchi, M.; Towler, D.; Slatopolsky, E. Vascular calcification: The killer of patients with chronic kidney disease. J. Am. Soc.
Nephrol. 2009, 20, 1453-1464. [CrossRef]

13.  Moe, S.M.; O'NEeill, K.D.; Resterova, M.; Fineberg, N.; Persohn, S.; Meyer, C.A. Natural history of vascular calcification in dialysis
and transplant patients. Nephrol. Dial. Transplant. 2004, 19, 2387-2393. [CrossRef]

14. Bjerklund, G.; Svanberg, E.; Dadar, M.; Card, D.]J.; Chirumbolo, S.; Harrington, D.].; Aaseth, J. The role of matrix Gla protein
(MGP) in vascular calcification. Curr. Med. Chem. 2020, 27, 1647-1660. [CrossRef]

15. Price, PA,; Fraser, ].D.; Metz-Virca, G. Molecular cloning of matrix Gla protein: Implications for substrate recognition by the
vitamin K-dependent gamma-carboxylase. Proc. Natl. Acad. Sci. USA 1987, 84, 8335-8339. [CrossRef]

16. Luo, G.; Ducy, P.; McKee, M.D.; Pinero, G.J.; Loyer, E.; Behringer, R.R.; Karsenty, G. Spontaneous calcification of arteries and

cartilage in mice lacking matrix GLA protein. Nature 1997, 386, 78-81. [CrossRef]


https://doi.org/10.1038/nrcardio.2009.121
https://doi.org/10.1038/ncpneph0954
https://doi.org/10.1681/ASN.2011121191
https://doi.org/10.1001/jamacardio.2017.0363
https://doi.org/10.1097/01.ASN.0000093240.84097.FE
https://doi.org/10.3390/metabo13020303
https://doi.org/10.2174/18756212MTA1sNDEzz
https://doi.org/10.3390/biomedicines9040404
https://doi.org/10.3389/fmed.2020.00154
https://doi.org/10.1046/j.1523-1755.2001.00803.x
https://doi.org/10.1093/ndt/gfz133
https://doi.org/10.1681/ASN.2008070692
https://doi.org/10.1093/ndt/gfh303
https://doi.org/10.2174/0929867325666180716104159
https://doi.org/10.1073/pnas.84.23.8335
https://doi.org/10.1038/386078a0

Nutrients 2024, 16, 1798 16 of 21

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Shioi, A.; Morioka, T.; Shoji, T.; Emoto, M. The inhibitory roles of vitamin K in progression of vascular calcification. Nutrients
2020, 12, 583. [CrossRef]

Cancela, L.; Hsieh, C.; Francke, U.; Price, P. Molecular structure, chromosome assignment, and promoter organization of the
human matrix Gla protein gene. J. Biol. Chem. 1990, 265, 15040-15048. [CrossRef]

Marreiros, C.; Viegas, C.; Simes, D. Targeting a silent disease: Vascular calcification in chronic kidney disease. Int. J. Mol. Sci.
2022, 23, 16114. [CrossRef]

Singh, A.; Tandon, S.; Tandon, C. An update on vascular calcification and potential therapeutics. Mol. Biol. Rep. 2021, 48, 887-896.
[CrossRef]

Wen, L.; Chen, J.; Duan, L.; Li, S. Vitamin K-dependent proteins involved in bone and cardiovascular health. Mol. Med. Rep. 2018,
18, 3-15. [CrossRef]

Epstein, M. Matrix Gla-Protein (MGP) not only inhibits calcification in large arteries but also may be renoprotective: Connecting
the dots. EBioMedicine 2016, 4, 16-17. [CrossRef]

El Asmar, M.S.; Naoum, ].J.; Arbid, E.J. Vitamin K dependent proteins and the role of vitamin K2 in the modulation of vascular
calcification: A review. Oman Med. J. 2014, 29, 172. [CrossRef]

Roumeliotis, S.; Roumeliotis, A.; Stamou, A.; Leivaditis, K.; Kantartzi, K.; Panagoutsos, S.; Liakopoulos, V. The association of
dp-ucMGP with cardiovascular morbidity and decreased renal function in diabetic chronic kidney disease. Int. ]. Mol. Sci. 2020,
21, 6035. [CrossRef]

Kurnatowska, I.; Grzelak, P.; Masajtis-Zagajewska, A.; Kaczmarska, M.; Stefariczyk, L.; Vermeer, C.; Maresz, K.; Nowicki, M.
Plasma desphospho-uncarboxylated matrix Gla protein as a marker of kidney damage and cardiovascular risk in advanced stage
of chronic kidney disease. Kidney Blood Press. Res. 2016, 41, 231-239. [CrossRef]

Shea, M.K.; Booth, S.L. Concepts and controversies in evaluating vitamin K status in population-based studies. Nutrients 2016,
8, 8. [CrossRef]

Booth, S.L.; Al Rajabi, A. Determinants of vitamin K status in humans. Vitam. Horm. 2008, 78, 1-22.

Novotny, J.A.; Kurilich, A.C.; Britz, S.J.; Baer, D.J.; Clevidence, B.A. Vitamin K absorption and kinetics in human subjects after
consumption of 13C-labelled phylloquinone from kale. Br. J. Nutr. 2010, 104, 858-862. [CrossRef]

Palmer, C.R.; Blekkenhorst, L.C.; Lewis, J.R.; Ward, N.C.; Schultz, C.J.; Hodgson, ].M.; Croft, K.D.; Sim, M. Quantifying dietary
vitamin K and its link to cardiovascular health: A narrative review. Food Funct. 2020, 11, 2826-2837. [CrossRef]

Suttie, J. Vitamin K and human nutrition. J. Am. Diet. Assoc. 1992, 92, 585-590. [CrossRef]

Dahlberg, S.; Schurgers, L.; Schott, U.; Kander, T. Vitamin K deficiency in critical ill patients; a prospective observational study. J.
Crit. Care 2019, 49, 105-109. [CrossRef]

Kaesler, N.; Schurgers, L.].; Floege, J. Vitamin K and cardiovascular complications in chronic kidney disease patients. Kidney Int.
2021, 100, 1023-1036. [CrossRef]

Schurgers, L.; Dissel, P.; Spronk, H.; Soute, B.; Dhore, C.; Cleutjens, ].; Vermeer, C. Role of vitamin K and vitamin K-dependent
proteins in vascular calcification. Z. Fiir Kardiol. 2001, 90, 57-63. [CrossRef]

Silaghi, C.N.; Ilyés, T.; Filip, V.P; Farcas, M.; van Ballegooijen, A.].; Craciun, A.M. Vitamin K dependent proteins in kidney disease.
Int. ]. Mol. Sci. 2019, 20, 1571. [CrossRef]

Bacchetta, J.; Boutroy, S.; Guebre-Egziabher, F; Juillard, L.; Drai, J.; Pelletier, S.; Richard, M.; Charrié, A.; Carlier, M.C.; Chapurlat,
R. The relationship between adipokines, osteocalcin and bone quality in chronic kidney disease. Nephrol. Dial. Transplant. 2009,
24,3120-3125. [CrossRef]

Marchelek-Mysliwiec, M.; Wisniewska, M.; Nowosiad-Magda, M.; Safranow, K.; Kwiatkowska, E.; Banach, B.; Dolegowska, B.;
Dotegowska, K.; Stepniewska, J.; Domanski, L. Association between plasma concentration of klotho protein, osteocalcin, leptin,
adiponectin, and bone mineral density in patients with chronic kidney disease. Horm. Metab. Res. 2018, 50, 816-821. [CrossRef]
Meuwese, C.L.; Olauson, H.; Qureshi, A.R.; Ripsweden, J.; Barany, P.; Vermeer, C.; Drummen, N.; Stenvinkel, P. Associations
between thyroid hormones, calcification inhibitor levels and vascular calcification in end-stage renal disease. PLoS ONE 2015,
10, e0132353. [CrossRef]

Jespersen, T.; Mollehave, L.T.; Thuesen, B.H.; Skaaby, T.; Rossing, P.; Toft, U.; Jergensen, N.R.; Corfixen, B.; Jakobsen, J.; Frimodt-
Meller, M. Uncarboxylated matrix Gla-protein: A biomarker of vitamin K status and cardiovascular risk. Clin. Biochem. 2020, 83,
49-56. [CrossRef]

Card, D.J.; Gorska, R.; Harrington, D.]. Laboratory assessment of vitamin K status. . Clin. Pathol. 2020, 73, 70-75. [CrossRef]
Manghat, P.; Souleimanova, I.; Cheung, J.; Wierzbicki, A.; Harrington, D.; Shearer, M.; Chowiencki, P.; Fogelman, I.; Nerlander,
M.; Goldsmith, D. Association of bone turnover markers and arterial stiffness in pre-dialysis chronic kidney disease (CKD). Bone
2011, 48, 1127-1132. [CrossRef]

Theuwissen, E.; Magdeleyns, E.; Braam, L.; Teunissen, K.; Knapen, M.; Binnekamp, I.; van Summeren, M.; Vermeer, C. Vitamin K
status in healthy volunteers. Food Funct. 2014, 5, 229-234. [CrossRef]

Xu, Q.; Guo, H;; Cao, S.; Zhou, Q.; Chen, J.; Su, M.; Chen, S,; Jiang, S.; Shi, X.; Wen, Y. Associations of vitamin K status with
mortality and cardiovascular events in peritoneal dialysis patients. Int. Urol. Nephrol. 2019, 51, 527-534. [CrossRef]

Schurgers, L.J.; Barreto, D.V,; Barreto, F.C.; Liabeuf, S.; Renard, C.; Magdeleyns, E.J.; Vermeer, C.; Choukroun, G.; Massy, Z.A.
The circulating inactive form of matrix gla protein is a surrogate marker for vascular calcification in chronic kidney disease: A
preliminary report. Clin. J. Am. Soc. Nephrol. 2010, 5, 568-575. [CrossRef]


https://doi.org/10.3390/nu12020583
https://doi.org/10.1016/S0021-9258(18)77221-9
https://doi.org/10.3390/ijms232416114
https://doi.org/10.1007/s11033-020-06086-y
https://doi.org/10.3892/mmr.2018.8940
https://doi.org/10.1016/j.ebiom.2016.01.026
https://doi.org/10.5001/omj.2014.44
https://doi.org/10.3390/ijms21176035
https://doi.org/10.1159/000443426
https://doi.org/10.3390/nu8010008
https://doi.org/10.1017/S0007114510001182
https://doi.org/10.1039/C9FO02321F
https://doi.org/10.1016/S0002-8223(21)00681-7
https://doi.org/10.1016/j.jcrc.2018.10.022
https://doi.org/10.1016/j.kint.2021.06.037
https://doi.org/10.1007/s003920170043
https://doi.org/10.3390/ijms20071571
https://doi.org/10.1093/ndt/gfp262
https://doi.org/10.1055/a-0752-4615
https://doi.org/10.1371/journal.pone.0132353
https://doi.org/10.1016/j.clinbiochem.2020.05.005
https://doi.org/10.1136/jclinpath-2019-205997
https://doi.org/10.1016/j.bone.2011.01.016
https://doi.org/10.1039/C3FO60464K
https://doi.org/10.1007/s11255-019-02080-x
https://doi.org/10.2215/CJN.07081009

Nutrients 2024, 16, 1798 17 of 21

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.
64.
65.
66.
67.
68.

69.

Puzantian, H.; Akers, S.R.; Oldland, G.; Javaid, K.; Miller, R.; Ge, Y.; Ansari, B.; Lee, J.; Suri, A.; Hasmath, Z. Circulating
dephospho-uncarboxylated matrix Gla-protein is associated with kidney dysfunction and arterial stiffness. Am. J. Hypertens.
2018, 31, 988-994. [CrossRef]

Aoun, M.; Makki, M.; Azar, H.; Matta, H.; Chelala, D.N. High dephosphorylated-uncarboxylated MGP in hemodialysis patients:
Risk factors and response to vitamin K 2, a pre-post intervention clinical trial. BMC Nephrol. 2017, 18, 191. [CrossRef]
Delanaye, P.; Krzesinski, J.-M.; Warling, X.; Moonen, M.; Smelten, N.; Médart, L.; Pottel, H.; Cavalier, E. Dephosphorylated-
uncarboxylated Matrix Gla protein concentration is predictive of vitamin K status and is correlated with vascular calcification in
a cohort of hemodialysis patients. BMC Nephrol. 2014, 15, 145. [CrossRef]

Schlieper, G.; Westenfeld, R.; Kriiger, T.; Cranenburg, E.C.; Magdeleyns, E.J.; Brandenburg, V.M.; Djuric, Z.; Damjanovic, T.;
Ketteler, M.; Vermeer, C. Circulating nonphosphorylated carboxylated matrix gla protein predicts survival in ESRD. J. Am. Soc.
Nephrol. 2011, 22, 387-395. [CrossRef]

Dai, L.; Li, L.; Erlandsson, H.; Jaminon, A.M.; Qureshi, A.R.; Ripsweden, ].; Brismar, T.B.; Witasp, A.; Heimbiirger, O.; Jorgensen,
H.S. Functional vitamin K insufficiency, vascular calcification and mortality in advanced chronic kidney disease: A cohort study.
PLoS ONE 2021, 16, €0247623. [CrossRef]

Keyzer, C.A.; Vermeer, C.; Joosten, M.M.; Knapen, M.H.; Drummen, N.E.; Navis, G.; Bakker, S.J.; De Borst, M.H. Vitamin K status
and mortality after kidney transplantation: A cohort study. Am. J. Kidney Dis. 2015, 65, 474-483. [CrossRef]

Weitz, I.C.; Liebman, H.A. Des-y-carboxy (abnormal) prothrombin and hepatocellular carcinoma: A critical review. Hepatology
1993, 18, 990-997. [CrossRef]

Furie, B.; Bouchard, B.A.; Furie, B.C. Vitamin K-dependent biosynthesis of y-carboxyglutamic acid. Blood J. Am. Soc. Hematol.
1999, 93, 1798-1808. [CrossRef]

Widdershoven, J.; Lambert, W.; Motohara, K.; Monnens, L.; De Leenheer, A.; Matsuda, I.; Endo, F. Plasma concentrations of
vitamin K 1 and PIVKA-II in bottle-fed and breast-fed infants with and without vitamin K prophylaxis at birth. Eur. J. Pediatr.
1988, 148, 139-142. [CrossRef]

Hathaway, W. Vitamin K deficiency. Southeast Asian . Trop. Med. Public Health 1993, 24, 5-9.

Dituri, F; Buonocore, G.; Pietravalle, A.; Naddeo, F,; Cortesi, M.; Pasqualetti, P.; Tataranno, M.; Agostino, R. PIVKA-II plasma
levels as markers of subclinical vitamin K deficiency in term infants. . Matern.-Fetal Neonatal Med. 2012, 25, 1660-1663. [CrossRef]
Seo, S.I; Kim, H.S.; Kim, W].; Shin, W.G.; Kim, D.J.; Kim, K.H.; Jang, M.K,; Lee, ].H.; Kim, J.S.; Kim, H.Y. Diagnostic value of
PIVKA-II and alpha-fetoprotein in hepatitis B virus-associated hepatocellular carcinoma. World J. Gastroenterol. 2015, 21, 3928.
[CrossRef]

Dong, R.; Wang, N.; Yang, Y.; Ma, L.; Du, Q.; Zhang, W.; Tran, A.H.; Jung, H.; Soh, A.; Zheng, Y. Review on Vitamin K Deficiency
and its Biomarkers: Focus on the Novel Application of PIVKA-II in Clinical Practice. Clin. Lab. 2018, 64, 413—424. [CrossRef]
Jayakumar, S.; Azizan, E.; Shah, S.A.; Bain, A.; Gafor, A.H.A. Vitamin K Status in Diabetic Patients with Chronic Kidney Disease
Stage 3-5 and its Effects on Chronic Kidney Disease-Mineral Bone Disorder. Sains Malays. 2020, 49, 613-624.

Elliott, M.].; Booth, S.L.; Hopman, W.M.; Holden, R.M. Assessment of potential biomarkers of subclinical vitamin K deficiency in
patients with end-stage kidney disease. Can. J. Kidney Health Dis. 2014, 1, 13. [CrossRef]

Holden, RM.; Morton, A.R.; Garland, J.S.; Pavlov, A.; Day, A.G.; Booth, S.L. Vitamins K and D status in stages 3-5 chronic kidney
disease. Clin. . Am. Soc. Nephrol. 2010, 5, 590-597. [CrossRef]

Cranenburg, E.C.; Schurgers, L.J.; Uiterwijk, H.H.; Beulens, ] W.; Dalmeijer, G.W.; Westerhuis, R.; Magdeleyns, E.].; Herfs,
M.; Vermeer, C.; Laverman, G.D. Vitamin K intake and status are low in hemodialysis patients. Kidney Int. 2012, 82, 605-610.
[CrossRef]

Wyskida, K.; Zak-Gotab, A; Wajda, J.; Klein, D.; Witkowicz, J.; Ficek, R.; Rotkegel, S.; Spiechowicz, U.; Kocemba Dyczek, J.;
Ciepat, J. Functional deficiency of vitamin K in hemodialysis patients in Upper Silesia in Poland. Int. Urol. Nephrol. 2016, 48,
765-771. [CrossRef]

Stankowiak-Kulpa, H.; Krzyzanowska, P.; Koziot, L.; Grzymistawski, M.; Wanic-Kossowska, M.; Moczko, J.; Walkowiak, J.
Vitamin K status in peritoneally dialyzed patients with chronic kidney disease. Acta Biochim. Pol. 2011, 58, 617-620. [CrossRef]
Park, M.; Yu, B.C.; Choi, S.J. # 6246 Pivka II Is a Biomarker for Predicting Coronary Calcification in Hemodialysis Patients with
Diabetes. Nephrol. Dial. Transplant. 2023, 38, gfad063c_6246.

Rapp, N.; Brandenburg, V.; Kaesler, N.; Bakker, S.; Stohr, R.; Schuh, A. Hepatic and Vascular Vitamin K Status in Patients with
High Cardiovascular Risk. Nutrients 2021, 13, 3490. [CrossRef]

Cozzolino, M.; Mangano, M.; Galassi, A.; Ciceri, P.; Messa, P.; Nigwekar, S. Vitamin K in chronic kidney disease. Nutrients 2019,
11, 168. [CrossRef]

Tsugawa, N.; Shiraki, M. Vitamin K nutrition and bone health. Nutrients 2020, 12, 1909. [CrossRef]

Trumbo, P;; Yates, A.A.; Schlicker, S.; Poos, M. Dietary Reference Intakes. J. Am. Diet. Assoc. 2001, 101, 294. [CrossRef]

Holden, RM.; Ki, V.; Morton, A.R.; Clase, C. Fat-Soluble Vitamins in Advanced CKD/ESKD: A Review. Semin. Dial. 2012, 25,
334-343. [CrossRef]

Cranenburg, E.C.M. Circulating Matrix Gla-Protein: A Biomarker for Vascular Disease. Ph.D. Thesis, Maastricht University,
Maastricht, The Netherlands, 2011.


https://doi.org/10.1093/ajh/hpy079
https://doi.org/10.1186/s12882-017-0609-3
https://doi.org/10.1186/1471-2369-15-145
https://doi.org/10.1681/ASN.2010040339
https://doi.org/10.1371/journal.pone.0247623
https://doi.org/10.1053/j.ajkd.2014.09.014
https://doi.org/10.1002/hep.1840180434
https://doi.org/10.1182/blood.V93.6.1798.406k22_1798_1808
https://doi.org/10.1007/BF00445922
https://doi.org/10.3109/14767058.2012.657273
https://doi.org/10.3748/wjg.v21.i13.3928
https://doi.org/10.7754/Clin.Lab.2017.171020
https://doi.org/10.1186/2054-3581-1-13
https://doi.org/10.2215/CJN.06420909
https://doi.org/10.1038/ki.2012.191
https://doi.org/10.1007/s11255-016-1255-6
https://doi.org/10.18388/abp.2011_2232
https://doi.org/10.3390/nu13103490
https://doi.org/10.3390/nu11010168
https://doi.org/10.3390/nu12071909
https://doi.org/10.1016/S0002-8223(01)00078-5
https://doi.org/10.1111/j.1525-139X.2012.01084.x

Nutrients 2024, 16, 1798 18 of 21

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Mladénka, P.; Macdkov4d, K.; Kujovska Krémov4, L.; Javorska, L.; Mrstnd, K.; Carazo, A.; Protti, M.; Remiao, F; Novakova, L.;
Researchers, O.; et al. Vitamin K-sources, physiological role, kinetics, deficiency, detection, therapeutic use, and toxicity. Nutr.
Rev. 2022, 80, 677-698. [CrossRef]

EFSA Panel on Dietetic Products, Nutrition and Allergies (NDA); Turck, D.; Bresson, J.L.; Burlingame, B.; Dean, T.; Fairweather-
Tait, S.; Heinonen, M.; Hirsch-Ernst, K.I.; Mangelsdorf, I.; McArdle, H.].; et al. Dietary reference values for vitamin K. EFSA ].
2017, 15, e04780. [CrossRef]

Marles, R.J.; Roe, A.L.; Oketch-Rabah, H.A. US Pharmacopeial Convention safety evaluation of menaquinone-7, a form of vitamin
K. Nutr. Rev. 2017, 75, 553-578. [CrossRef]

Roumeliotis, S.; Roumeliotis, A.; Eleftheriadis, T.; Liakopoulos, V. Letter to the Editor regarding “Six months vitamin K treatment
does not affect systemic arterial calcification or bone mineral density in diabetes mellitus 2”. Eur. J. Nutr. 2021, 60, 1701-1702.
[CrossRef]

Krueger, T.; Westenfeld, R.; Ketteler, M.; Schurgers, L.J.; Floege, J. Vitamin K deficiency in CKD patients: A modifiable risk factor
for vascular calcification? Kidney Int. 2009, 76, 18-22. [CrossRef]

Turner, M.E.; Adams, M.A.; Holden, R.M. The vitamin K metabolome in chronic kidney disease. Nutrients 2018, 10, 1076.
[CrossRef]

Villa, J.K.D.; Diaz, M.A.N.; Pizziolo, V.R.; Martino, H.S.D. Effect of vitamin K in bone metabolism and vascular calcification: A
review of mechanisms of action and evidences. Crit. Rev. Food Sci. Nutr. 2017, 57, 3959-3970. [CrossRef]

Roumeliotis, S.; Duni, A.; Vaios, V.; Kitsos, A.; Liakopoulos, V.; Dounousi, E. Vitamin K supplementation for prevention of
vascular calcification in chronic kidney disease patients: Are we there yet? Nutrients 2022, 14, 925. [CrossRef]

Neradova, A.; Schumacher, S.; Hubeek, I; Lux, P; Schurgers, L.; Vervloet, M. Phosphate binders affect vitamin K concentration by
undesired binding, an in vitro study. BMC Nephrol. 2017, 18, 149. [CrossRef]

Roumeliotis, S.; Roumeliotis, A.; Dounousi, E.; Eleftheriadis, T.; Liakopoulos, V. Biomarkers of vascular calcification in serum.
Adv. Clin. Chem. 2020, 98, 91-147.

Shearer, M.].; Bechtold, H.; Andrassy, K.; Koderisch, J.; McCarthy, P; Trenk, D.; Jahnchen, E.; Ritz, E. Mechanism of cephalosporin-
induced hypoprothrombinemia: Relation to cephalosporin side chain, vitamin K metabolism, and vitamin K status. J. Clin.
Pharmacol. 1988, 28, 88-95. [CrossRef]

Harshman, S.G.; Shea, M.K,; Fu, X.; Smith, D.; Grusak, M.A.; Lamon-Fava, S.; Greenberg, A.S.; Kuliopulos, A.; Booth, S.L.
Atorvastatin Decreases Menaquinone-4 Formation in C57B16 Male Mice. FASEB J. 2017, 31, 646.611. [CrossRef]

Holmes, M.V.; Hunt, B.J.; Shearer, M.]. The role of dietary vitamin K in the management of oral vitamin K antagonists. Blood Rev.
2012, 26, 1-14. [CrossRef]

Chen, X,; Jin, D.-Y;; Stafford, D.W,; Tie, J.-K. Evaluation of oral anticoagulants with vitamin K epoxide reductase in its native
milieu. Blood |. Am. Soc. Hematol. 2018, 132, 1974-1984. [CrossRef]

Brandenburg, V.M.; Kramann, R.; Rothe, H.; Kaesler, N.; Korbiel, J.; Specht, P.; Schmitz, S.; Krtiger, T.; Floege, J.; Ketteler, M.
Calcific uraemic arteriolopathy (calciphylaxis): Data from a large nationwide registry. Nephrol. Dial. Transplant. 2017, 32, 126-132.
[CrossRef]

Schurgers, L.J.; Spronk, H.M.; Soute, B.A.; Schiffers, PM.; DeMey, ].G.; Vermeer, C. Regression of warfarin-induced medial
elastocalcinosis by high intake of vitamin K in rats. Blood 2007, 109, 2823-2831. [CrossRef]

Kosciuszek, N.D.; Kalta, D.; Singh, M.; Savinova, O.V. Vitamin K antagonists and cardiovascular calcification: A systematic
review and meta-analysis. Front. Cardiovasc. Med. 2022, 9, 938567. [CrossRef]

Scheiber, D.; Veulemans, V.; Horn, P.; Chatrou, M.L.; Potthoff, S.A.; Kelm, M.; Schurgers, L.J.; Westenfeld, R. High-dose
menaquinone-7 supplementation reduces cardiovascular calcification in a murine model of extraosseous calcification. Nutrients
2015, 7, 6991-7011. [CrossRef]

Van Gorp, R.H.; Schurgers, L.]. New insights into the pros and cons of the clinical use of vitamin K antagonists (VKAs) versus
direct oral anticoagulants (DOACs). Nutrients 2015, 7, 9538-9557. [CrossRef]

McCabe, K.M.; Booth, S.L.; Fu, X.; Shobeiri, N.; Pang, ].J.; Adams, M.A.; Holden, R.M. Dietary vitamin K and therapeutic warfarin
alter the susceptibility to vascular calcification in experimental chronic kidney disease. Kidney Int. 2013, 83, 835-844. [CrossRef]
McCabe, K.M.; Booth, S.L.; Fu, X.; Ward, E.; Adams, M.A.; Holden, R.M. Vitamin K metabolism in a rat model of chronic kidney
disease. Am. J. Nephrol. 2017, 45, 4-13. [CrossRef]

Schurgers, L.; Spronk, H.; Skepper, J.; Hackeng, T.; Shanahan, C.; Vermeer, C.; Weissberg, P.; Proudfoot, D. Post-translational
modifications regulate matrix Gla protein function: Importance for inhibition of vascular smooth muscle cell calcification. J.
Thromb. Haemost. 2007, 5, 2503-2511. [CrossRef]

Roumeliotis, S.; Roumeliotis, A.; Panagoutsos, S.; Giannakopoulou, E.; Papanas, N.; Manolopoulos, V.G.; Passadakis, P.; Tavridou,
A. Matrix Gla protein T-138C polymorphism is associated with carotid intima media thickness and predicts mortality in patients
with diabetic nephropathy. J. Diabetes Its Complicat. 2017, 31, 1527-1532. [CrossRef]

Liu, Y.-P,; Gu, Y.-M.; Thijs, L.; Knapen, M.H.; Salvi, E.; Citterio, L.; Petit, T.; Carpini, S.D.; Zhang, Z.; Jacobs, L. Inactive matrix Gla
protein is causally related to adverse health outcomes: A Mendelian randomization study in a Flemish population. Hypertension
2015, 65, 463—-470. [CrossRef]


https://doi.org/10.1093/nutrit/nuab061
https://doi.org/10.2903/j.efsa.2017.4780
https://doi.org/10.1093/nutrit/nux022
https://doi.org/10.1007/s00394-020-02469-w
https://doi.org/10.1038/ki.2009.126
https://doi.org/10.3390/nu10081076
https://doi.org/10.1080/10408398.2016.1211616
https://doi.org/10.3390/nu14050925
https://doi.org/10.1186/s12882-017-0560-3
https://doi.org/10.1002/j.1552-4604.1988.tb03106.x
https://doi.org/10.1096/fasebj.31.1_supplement.646.11
https://doi.org/10.1016/j.blre.2011.07.002
https://doi.org/10.1182/blood-2018-05-846592
https://doi.org/10.1093/ndt/gfv438
https://doi.org/10.1182/blood-2006-07-035345
https://doi.org/10.3389/fcvm.2022.938567
https://doi.org/10.3390/nu7085318
https://doi.org/10.3390/nu7115479
https://doi.org/10.1038/ki.2012.477
https://doi.org/10.1159/000451068
https://doi.org/10.1111/j.1538-7836.2007.02758.x
https://doi.org/10.1016/j.jdiacomp.2017.06.012
https://doi.org/10.1161/HYPERTENSIONAHA.114.04494

Nutrients 2024, 16, 1798 19 of 21

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Yoshikawa, K.; Abe, H.; Tominaga, T.; Nakamura, M.; Kishi, S.; Matsuura, M.; Nagai, K.; Tsuchida, K.; Minakuchi, J.; Doi, T.
Polymorphism in the human matrix Gla protein gene is associated with the progression of vascular calcification in maintenance
hemodialysis patients. Clin. Exp. Nephrol. 2013, 17, 882-889. [CrossRef]

Brancaccio, D.; Biondi, M.L.; Gallieni, M.; Turri, O.; Galassi, A.; Cecchini, F.; Russo, D.; Andreucci, V.; Cozzolino, M. Matrix GLA
protein gene polymorphisms: Clinical correlates and cardiovascular mortality in chronic kidney disease patients. Am. J. Nephrol.
2005, 25, 548-552. [CrossRef]

Geleijnse, ].M.; Vermeer, C.; Grobbee, D.E.; Schurgers, L.J.; Knapen, M.H.; Van Der Meer, LM.; Hofman, A.; Witteman, ].C. Dietary
intake of menaquinone is associated with a reduced risk of coronary heart disease: The Rotterdam Study. |. Nutr. 2004, 134,
3100-3105. [CrossRef]

Riphagen, L].; Keyzer, C.A.; Drummen, N.E.; De Borst, M.H.; Beulens, ].W.; Gansevoort, R.T.; Geleijnse, ].M.; Muskiet, FA;
Navis, G.; Visser, S.T. Prevalence and effects of functional vitamin K insufficiency: The PREVEND study. Nutrients 2017, 9, 1334.
[CrossRef]

Cheung, C.-L.; Sahni, S.; Cheung, B.M.; Sing, C.-W.; Wong, I.C. Vitamin K intake and mortality in people with chronic kidney
disease from NHANES III. Clin. Nutr. 2015, 34, 235-240. [CrossRef]

de Oliveira, R.B.; Stinghen, A.E.M.; Massy, Z.A. Vitamin K role in mineral and bone disorder of chronic kidney disease. Clin.
Chim. Acta 2020, 502, 66-72. [CrossRef]

Roumeliotis, S.; Dounousi, E.; Eleftheriadis, T.; Liakopoulos, V. Association of the inactive circulating matrix Gla protein with
vitamin K intake, calcification, mortality, and cardiovascular disease: A review. Int. . Mol. Sci. 2019, 20, 628. [CrossRef]
Bellone, F; Cinquegrani, M.; Nicotera, R.; Carullo, N.; Casarella, A.; Presta, P.; Andreucci, M.; Squadrito, G.; Mandraffino, G.;
Prunesti, M. Role of vitamin K in chronic kidney disease: A focus on bone and cardiovascular health. Int. J. Mol. Sci. 2022,
23,5282. [CrossRef]

Wasilewski, G.B.; Vervloet, M.G.; Schurgers, L.]. The bone—Vasculature axis: Calcium supplementation and the role of vitamin K.
Front. Cardiovasc. Med. 2019, 6, 6. [CrossRef]

Fusaro, M.; Tondolo, F.; Gasperoni, L.; Tripepi, G.; Plebani, M.; Zaninotto, M.; Nickolas, T.L.; Ketteler, M.; Aghi, A.; Politi, C. The
role of vitamin K in CKD-MBD. Curr. Osteoporos. Rep. 2022, 20, 65-77. [CrossRef]

Evenepoel, P.; Claes, K.; Meijers, B.; Laurent, M.; Bammens, B.; Naesens, M.; Sprangers, B.; Pottel, H.; Cavalier, E.; Kuypers, D.
Poor vitamin K status is associated with low bone mineral density and increased fracture risk in end-stage renal disease. ]. Bone
Miner. Res. 2019, 34, 262-269. [CrossRef]

Fusaro, M.; Noale, M.; Viola, V.; Galli, E,; Tripepi, G.; Vajente, N.; Plebani, M.; Zaninotto, M.; Guglielmi, G.; Miotto, D. Vitamin K,
vertebral fractures, vascular calcifications, and mortality: VItamin K Italian (VIKI) dialysis study. J. Bone Miner. Res. 2012, 27,
2271-2278. [CrossRef]

Kohlmeier, M.; Saupe, J.; Shearer, M.].; Schaefer, K.; Asmus, G. Bone health of adult hemodialysis patients is related to vitamin K
status. Kidney Int. 1997, 51, 1218-1221. [CrossRef]

Kotit, S. INVICTUS: Vitamin K antagonists remain the standard of care for rheumatic heart disease-associated atrial fibrillation.
Glob. Cardiol. Sci. Pract. 2023, 2023, €202306. [CrossRef]

Boer, C.G.; Szilagyi, I.; Nguyen, N.L.; Neogi, T.; Meulenbelt, I.; Ikram, M. A; Uitterlinden, A.G.; Bierma-Zeinstra, S.; Stricker, B.H.;
van Meurs, ].B. Vitamin K antagonist anticoagulant usage is associated with increased incidence and progression of osteoarthritis.
Ann. Rheum. Dis. 2021, 80, 598-604. [CrossRef]

Roumeliotis, S.; Varouktsi, G.; Tsinari, A.; Veljkovic, A.; Lazarevic, G.; Perisic, Z.; Hadzi-Djokic, J.; Kocic, G.; Liakopoulos, V.
Insights into the metabolism and clinical significance of vitamin K in uremia: More than a supplement? Acta Medica Median. 2022,
61, 72-79. [CrossRef]

Jadhav, N.; Ajgaonkar, S.; Saha, P.; Gurav, P.; Pandey, A.; Basudkar, V;; Gada, Y.; Panda, S.; Jadhav, S.; Mehta, D. Molecular
pathways and roles for vitamin K2-7 as a health-beneficial nutraceutical: Challenges and opportunities. Front. Pharmacol. 2022,
13, 896920. [CrossRef]

Roumeliotis, S.; Liakopoulos, V.; Schurgers, L.]. Vitamin K supplementation in chronic kidney disease patients: Where is the
evidence? Curr. Vasc. Pharmacol. 2022, 20, 121-126. [CrossRef]

Schurgers, L.J.; Vermeer, C. Differential lipoprotein transport pathways of K-vitamins in healthy subjects. Biochim. Et Biophys.
Acta (BBA)-Gen. Subj. 2002, 1570, 27-32. [CrossRef]

Will, B.H.; Suttie, ]. Comparative metabolism of phylloquinone and menaquinone-9 in rat liver. J. Nutr. 1992, 122, 953-958.
[CrossRef]

Schurgers, L.].; Teunissen, K.J.; Hamulyak, K.; Knapen, M.H.; Vik, H.; Vermeer, C. Vitamin K—containing dietary supplements:
Comparison of synthetic vitamin K1 and natto-derived menaquinone-7. Blood 2007, 109, 3279-3283. [CrossRef]

Andrian, T,; Stefan, A.; Nistor, I.; Covic, A. Vitamin K supplementation impact in dialysis patients: A systematic review and
meta-analysis of randomized trials. Clin. Kidney J. 2023, 16, 2738-2749. [CrossRef]

Geng, C.; Huang, L.; Pu, L.; Feng, Y. Effects of vitamin K supplementation on vascular calcification in chronic kidney disease: A
systematic review and meta-analysis of randomized controlled trials. Front. Nutr. 2023, 9, 1001826. [CrossRef]

Kurnatowska, I; Grzelak, P.; Masajtis-Zagajewska, A.; Kaczmarska, M.; Stefariczyk, L.; Vermeer, C.; Maresz, K.; Nowicki, M.
Effect of vitamin K2 on progression of atherosclerosis and vascular calcification in nondialyzed patients with chronic kidney
disease stages 3-5. Pol. Arch. Med. Wewnetrznej 2015, 125, 631-640. [CrossRef]


https://doi.org/10.1007/s10157-013-0785-9
https://doi.org/10.1159/000088809
https://doi.org/10.1093/jn/134.11.3100
https://doi.org/10.3390/nu9121334
https://doi.org/10.1016/j.clnu.2014.03.011
https://doi.org/10.1016/j.cca.2019.11.040
https://doi.org/10.3390/ijms20030628
https://doi.org/10.3390/ijms23095282
https://doi.org/10.3389/fcvm.2019.00006
https://doi.org/10.1007/s11914-022-00716-z
https://doi.org/10.1002/jbmr.3608
https://doi.org/10.1002/jbmr.1677
https://doi.org/10.1038/ki.1997.166
https://doi.org/10.21542/gcsp.2023.6
https://doi.org/10.1136/annrheumdis-2020-219483
https://doi.org/10.5633/amm.2022.0209
https://doi.org/10.3389/fphar.2022.896920
https://doi.org/10.2174/1570161120666220209145341
https://doi.org/10.1016/S0304-4165(02)00147-2
https://doi.org/10.1093/jn/122.4.953
https://doi.org/10.1182/blood-2006-08-040709
https://doi.org/10.1093/ckj/sfad255
https://doi.org/10.3389/fnut.2022.1001826
https://doi.org/10.20452/pamw.3041

Nutrients 2024, 16, 1798 20 of 21

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Witham, M.D.; Lees, ].S.; White, M.; Band, M.; Bell, S.; Chantler, D.J.; Ford, L; Fulton, R.L.; Kennedy, G.; Littleford, R.C. Vitamin K
supplementation to improve vascular stiffness in CKD: The K4Kidneys randomized controlled trial. ]. Am. Soc. Nephrol. 2020, 31,
2434-2445. [CrossRef]

Oikonomaki, T.; Papasotiriou, M.; Ntrinias, T.; Kalogeropoulou, C.; Zabakis, P.; Kalavrizioti, D.; Papadakis, I.; Goumenos, D.S.;
Papachristou, E. The effect of vitamin K2 supplementation on vascular calcification in haemodialysis patients: A 1-year follow-up
randomized trial. Int. Urol. Nephrol. 2019, 51, 2037-2044. [CrossRef]

De Vriese, A.S.; Caluwé, R.; Pyfferoen, L.; De Bacquer, D.; De Boeck, K.; Delanote, J.; De Surgeloose, D.; Van Hoenacker, P.; Van
Vlem, B.; Verbeke, F. Multicenter randomized controlled trial of vitamin K antagonist replacement by rivaroxaban with or without
vitamin K2 in hemodialysis patients with atrial fibrillation: The Valkyrie Study. J. Am. Soc. Nephrol. 2020, 31, 186-196. [CrossRef]
Levy-Schousboe, K.; Frimodt-Meller, M.; Hansen, D.; Peters, C.D.; Kjeergaard, K.D.; Jensen, ].D.; Strandhave, C.; Elming,
H.; Larsen, C.T.; Sandstrem, H. Vitamin K supplementation and arterial calcification in dialysis: Results of the double-blind,
randomized, placebo-controlled RenaKvit trial. Clin. Kidney J. 2021, 14, 2114-2123. [CrossRef]

Haroon, S.; Davenport, A.; Ling, L.-H.; Tai, B.-C.; Schurgers, L.; Chen, Z.; Shroff, R.; Fischer, D.-C.; Khatri, P.; Low, S. Randomized
controlled clinical trial of the effect of treatment with vitamin K2 on vascular calcification in hemodialysis patients (Trevasc-HDK).
Kidney Int. Rep. 2023, 8, 1741-1751. [CrossRef]

Naiyarakseree, N.; Phannajit, J.; Naiyarakseree, W.; Mahatanan, N.; Asavapujanamanee, P.; Lekhyananda, S.; Vanichakarn, S.;
Avihingsanon, Y.; Praditpornsilpa, K.; Eiam-Ong, S. Effect of Menaquinone-7 supplementation on arterial stiffness in chronic
hemodialysis patients: A multicenter randomized controlled trial. Nutrients 2023, 15, 2422. [CrossRef]

Saritas, T.; Reinartz, S.; Kriiger, T.; Ketteler, M.; Liangos, O.; Labriola, L.; Stenvinkel, P.; Kopp, C.; Westenfeld, R.; Evenepoel, P.
Vitamin K1 and progression of cardiovascular calcifications in hemodialysis patients: The VitaVasK randomized controlled trial.
Clin. Kidney J. 2022, 15, 2300-2311. [CrossRef]

Holden, R.M.; Booth, S.L.; Zimmerman, D.; Moist, L.; Norman, P.A; Day, A.G.; Menard, A.; Fu, X.; Shea, M.K.; Babiolakis, C.S.
Inhibit progression of coronary artery calcification with vitamin K in hemodialysis patients (the iPACK-HD study): A randomized,
placebo-controlled multi-center, pilot trial. Nephrol. Dial. Transplant. 2023, 38, 746-756. [CrossRef]

Mansour, A.G.; Hariri, E.; Daaboul, Y.; Korjian, S.; El Alam, A.; Protogerou, A.D.; Kilany, H.; Karam, A.; Stephan, A.; Bahous, S.A.
Vitamin K2 supplementation and arterial stiffness among renal transplant recipients—A single-arm, single-center clinical trial. J.
Am. Soc. Hypertens. 2017, 11, 589-597. [CrossRef]

Lees, ].S.; Rankin, A.J.; Gillis, K.A.; Zhu, L.Y.; Mangion, K.; Rutherford, E.; Roditi, G.H.; Witham, M.D.; Chantler, D.; Panarelli, M.
The ViKTORIES trial: A randomized, double-blind, placebo-controlled trial of vitamin K supplementation to improve vascular
health in kidney transplant recipients. Am. J. Transplant. 2021, 21, 3356-3368. [CrossRef]

Sun, Z.; Zhu, K,; Liang, G.; Yan, E; Chao, S.; Jia, L.; Niu, Y. Effect of vitamin K on improving post-kidney transplant outcomes: A
meta-analysis. Exp. Ther. Med. 2024, 27, 30. [CrossRef]

Kaesler, N.; Magdeleyns, E.; Herfs, M.; Schettgen, T.; Brandenburg, V.; Fliser, D.; Vermeer, C.; Floege, ].; Schlieper, G.; Kriiger, T.
Impaired vitamin K recycling in uremia is rescued by vitamin K supplementation. Kidney Int. 2014, 86, 286—293. [CrossRef]

De Vriese, A.S.; Caluwé, R.; Van Der Meersch, H.; De Boeck, K.; De Bacquer, D. Safety and efficacy of vitamin K antagonists
versus rivaroxaban in hemodialysis patients with atrial fibrillation: A multicenter randomized controlled trial. J. Am. Soc. Nephrol.
2021, 32, 1474-1483. [CrossRef]

Kremer, D.; Groothof, D.; Keyzer, C.A.; Eelderink, C.; Knobbe, T.J.; Post, A.; van Londen, M.; Eisenga, M.F,; Investigators, T.;
Schurgers, L.J. Kidney function-dependence of vitamin K-status parameters: Results from the transplantlines biobank and cohort
studies. Nutrients 2021, 13, 3069. [CrossRef]

Columb, M.; Atkinson, M. Statistical analysis: Sample size and power estimations. Bja Educ. 2016, 16, 159-161. [CrossRef]
Vossen, L.M.; Kroon, A.A.; Schurgers, L.].; de Leeuw, PW. Pharmacological and nutritional modulation of vascular calcification.
Nutrients 2019, 12, 100. [CrossRef]

O'neill, W.C.; Lomashvili, K.A. Recent progress in the treatment of vascular calcification. Kidney Int. 2010, 78, 1232-1239.
[CrossRef]

Lees, ].S.; Chapman, F.A.; Witham, M.D.; Jardine, A.G.; Mark, P.B. Vitamin K status, supplementation and vascular disease: A
systematic review and meta-analysis. Heart 2019, 105, 938-945. [CrossRef]

Levy, D.S.; Grewal, R.; Le, T.H. Vitamin K deficiency: An emerging player in the pathogenesis of vascular calcification and an
iatrogenic consequence of therapies in advanced renal disease. Am. |. Physiol.-Ren. Physiol. 2020, 319, F618-F623. [CrossRef]
Caluwé, R.; Vandecasteele, S.; Van Vlem, B.; Vermeer, C.; De Vriese, A.S. Vitamin K2 supplementation in haemodialysis patients:
A randomized dose-finding study. Nephrol. Dial. Transplant. 2014, 29, 1385-1390. [CrossRef]

Westenfeld, R.; Krueger, T.; Schlieper, G.; Cranenburg, E.C.; Magdeleyns, E.J.; Heidenreich, S.; Holzmann, S.; Vermeer, C.;
Jahnen-Dechent, W.; Ketteler, M. Effect of vitamin K2 supplementation on functional vitamin K deficiency in hemodialysis
patients: A randomized trial. Am. J. Kidney Dis. 2012, 59, 186-195. [CrossRef]

Simes, D.C.; Viegas, C.S.; Aratjo, N.; Marreiros, C. Vitamin K as a diet supplement with impact in human health: Current
evidence in age-related diseases. Nutrients 2020, 12, 138. [CrossRef]

Hwang, S.-b.; Choi, M.5j.; Lee, H.-j.; Han, J.-j. Safety evaluation of vitamin K2 (menaquinone-7) via toxicological tests. Sci. Rep.
2024, 14, 5440. [CrossRef]


https://doi.org/10.1681/ASN.2020020225
https://doi.org/10.1007/s11255-019-02275-2
https://doi.org/10.1681/ASN.2019060579
https://doi.org/10.1093/ckj/sfab017
https://doi.org/10.1016/j.ekir.2023.06.011
https://doi.org/10.3390/nu15112422
https://doi.org/10.1093/ckj/sfac184
https://doi.org/10.1093/ndt/gfac191
https://doi.org/10.1016/j.jash.2017.07.001
https://doi.org/10.1111/ajt.16566
https://doi.org/10.3892/etm.2023.12318
https://doi.org/10.1038/ki.2013.530
https://doi.org/10.1681/ASN.2020111566
https://doi.org/10.3390/nu13093069
https://doi.org/10.1093/bjaed/mkv034
https://doi.org/10.3390/nu12010100
https://doi.org/10.1038/ki.2010.334
https://doi.org/10.1136/heartjnl-2018-313955
https://doi.org/10.1152/ajprenal.00278.2020
https://doi.org/10.1093/ndt/gft464
https://doi.org/10.1053/j.ajkd.2011.10.041
https://doi.org/10.3390/nu12010138
https://doi.org/10.1038/s41598-024-56151-w

Nutrients 2024, 16, 1798 21 of 21

141.

142.

143.

144.

145.

146.

147.

148.

149.

Lin, Y.-L.; Hsu, B.-G. Vitamin K and vascular calcification in chronic kidney disease: An update of current evidence. Tzu Chi Med.
J. 2023, 35, 44-50.

Wibowo, M.H.; Muzasti, R.A.; Nasution, S. MGP T-138C polymorphism (TT genotype) is associated with vascular calcification
incidence in Indonesian regular hemodialysis patients. Indones. Biomed. ]. 2020, 12, 320-324. [CrossRef]

Roumeliotis, S.; Roumeliotis, A.; Georgianos, P1.; Thodis, E.; Schurgers, L.J.; Maresz, K.; Eleftheriadis, T.; Dounousi, E.; Tripepi,
G.; Mallamaci, F. VItamin K In PEritonial DIAlysis (VIKIPEDIA): Rationale and study protocol for a randomized controlled trial.
PLoS ONE 2022, 17, €0273102. [CrossRef]

Oyama, S.; Okamoto, N.; Koide, S.; Hayashi, H.; Nakai, S.; Takahashi, K.; Inaguma, D.; Hasegawa, M.; Toyama, H.; Sugiyama,
S. Vitamin K2 supplementation and the progression of abdominal aortic calcification in dialysis patients. Fujita Med. ]. 2021, 7,
136-138.

Pasch, A.; Farese, S.; Gréber, S.; Wald, J.; Richtering, W.; Floege, J.; Jahnen-Dechent, W. Nanoparticle-based test measures overall
propensity for calcification in serum. J. Am. Soc. Nephrol. 2012, 23, 1744-1752. [CrossRef]

Zeper, LW.; Smith, E.R.; Ter Braake, A.D.; Tinnemans, P.T.; de Baaij, ].H.; Hoenderop, ].G. Calciprotein Particle Synthesis Strategy
Determines In Vitro Calcification Potential. Calcif. Tissue Int. 2023, 112, 103-117. [CrossRef]

Pluquet, M.; Kamel, S.; Choukroun, G.; Liabeuf, S.; Laville, S.M. Serum calcification propensity represents a good biomarker of
vascular calcification: A systematic review. Toxins 2022, 14, 637. [CrossRef]

Jaminon, A.M.; Akbulut, A.C.; Rapp, N.; Reutelingsperger, C.P.; Schurgers, L.]. The BioHybrid Assay: A Novel Method for
Determining Calcification Propensity. In Kidney Research: Experimental Protocols; Springer: Cham, Switzerland, 2023; pp. 317-331.
Jaminon, A.M.; Akbulut, A.C.; Rapp, N.; Kramann, R; Biessen, E.A.; Temmerman, L.; Mees, B.; Brandenburg, V.; Dzhanaev, R.;
Jahnen-Dechent, W. Development of the BioHybrid assay: Combining primary human vascular smooth muscle cells and blood to
measure vascular calcification propensity. Cells 2021, 10, 2097. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.18585/inabj.v12i4.1162
https://doi.org/10.1371/journal.pone.0273102
https://doi.org/10.1681/ASN.2012030240
https://doi.org/10.1007/s00223-022-01036-1
https://doi.org/10.3390/toxins14090637
https://doi.org/10.3390/cells10082097

	Introduction 
	Vitamin K Biomarkers 
	Clinical Aspects of Vitamin K Supplementation 
	What Is the Actual Recommended Daily Intake? 
	Vitamin K Status in Kidney Disease 
	Clinical Consequences of Vitamin K Deficiency 

	Studies Examining the Effect of Vitamin K Supplementation in Uremia 
	CKD Populations 
	Dialysis Patients 
	Kidney Transplant Recipients 
	Critical Assessment of Interventional Studies 

	Future Directions 
	Ongoing Trials 
	Novel Biomarkers 
	Suggestion for the Design of Future RCTs Examining the Effect of Vitamin K Supplementation on VC and CV Outcomes in Uremic Patients 

	Conclusions 
	References

